Recent advances in automated cell counters enable us to count cells more easily with consistency. However, the wide use of the traditional vital dye trypan blue (TB) raises environmental and health concerns due to its potential teratogenic effects. To avoid this chemical hazard, it is of importance to introduce an alternative non-hazardous vital dye that is compatible with automated cell counters. Erythrosin B (EB) is a vital dye that is impermeable to biological membranes and is used as a food additive. Similarly to TB, EB stains only nonviable cells with disintegrated membranes. However, EB is less popular than TB and is seldom used with automated cell counters. We found that cell counting accuracy with EB was comparable to that with TB. EB was found to be an effective dye for accurate counting of cells with different viabilities across three different automated cell counters. In contrast to TB, EB was less toxic to cultured HL-60 cells during the cell counting process. These results indicate that replacing TB with EB for use with automated cell counters will significantly reduce the hazardous risk while producing comparable results.
Viable cell counting of eukaryotic cells is the first step in maintaining and expanding in vitro cell cultures in modern biomedical research and the biomanufacturing industry. Cell counting, or cell enumeration, is important for the routine monitoring of cell health and proliferation rate, and for scheduling and seeding cells for use in subsequent experiments, including transfection or infection and various cell-based assays [1, 2] . The most common traditional way of determining cell viability is to use a hemocytometer to manually count cells stained with a vital dye under microscopic observation [1e4] . Although manual counting has benefits such as low cost and versatility [1] , its procedure is time-consuming and labor-intensive. Potential disadvantages include contamination of the reusable hemocytometer, variations of hemocytometer filling rates, and inter-user variations as well [1, 2, 5] . Although one survey demonstrated that more than 70% of researchers still use a hemocytometer to count their cells [1] , the recent automation of cell counting instruments has provided more consistent results with easy-to-use instrumentation [1e3].
The vital dye exclusion assay is used to determine the fraction of viable cells in suspension [4] . Because viable cells have intact cell membranes that prevent penetration of polar molecules, staining of cells with vital dyes differentiates nonviable cells with disintegrated cell membranes from viable intact cells [4] . Because vital staining indirectly determines cells' viability from cell membrane integrity, the results are limited; a cell might not grow or proliferate even though its membrane integrity is maintained, a cell may repair the membrane integrity and become fully viable, and small amounts of dye uptake may be unnoticed [4] . However, the simple and rapid vital dye exclusion assay is widely used.
Various vital dyes, including trypan blue (TB), methylene blue, erythrosin B (EB), nigrosine, eosin, safranin, propidium iodide, and 7-aminoactinomycin D, have been introduced to count viable cells [2, 4, 6, 7] . Among these, TB is widely used for viable cell counting with bright-field optics. In addition, most of automated cell counters without fluorescence optics are optimized for viable cell counting based on TB dye exclusion [1e3]. Although TB has been widely used as a vital dye, a potential teratogenic effect of TB has been reported [8e12] .
EB, also known as erythrosine or Red No. 3, is primarily used for food coloring [13] . Although EB has already been introduced as a vital dye [14, 15] , it is not widely used to count viable cells manually or with automated instruments. Because biosafety is a growing concern, the use of EB with automated instruments is an option to lessen consumption of TB. Here we report, for the first time, the use of EB for vital staining of three cell lines for automatic counting and demonstrate that the use of safer alternative EB avoids the toxic side effect of trypan blue exposure on mammalian cells.
Materials and methods

Automated cell counters
All of the automated cell counters used in this study were manufactured by Logos Biosystems. The LUNA family of cell counters produces data about cell size, concentration, and viability. The LUNA™ is optimized for bright-field imaging with double-folded optics. The LUNA-FL™ is a dual fluorescence cell counter with bright-field optics included [16, 17] . The LUNA-II™ is optimized for bright-field imaging and had an integrated liquid lens [18] that supports rapid autofocusing. All cell count and viability measurements in this study were performed on the aforementioned automated cell counters.
Cell culture and reagents
HL-60, a human promyelocytic leukemia cell line, was maintained in RPMI-1640 (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Life Technologies). A human cervical adenocarcinoma cell line, HeLa, and a human embryonic kidney cell line, 293, were maintained in Dulbecco's modified Eagle's medium (DMEM; Life Technologies) containing 10% FBS and 100 U/ml penicillin/streptomycin (Life Technologies). TB (Sigma, St. Louis, MO, USA) and EB (MP Biomedicals, Solon, OH, USA) were dissolved in Dulbecco's phosphate-buffered saline (DPBS; Life Technologies) and sterilized by filtration.
Measurement of cell viability
To prepare dead cells, an appropriate number of cells were incubated at 70 C for 30 min. Live cells were prepared from exponentially growing cells. A series of cells with different viabilities was prepared by mixing the dead and live cells. The dead and live cell suspensions were stained with 0.4% TB, and the viabilities of each were measured with the LUNA. A series of cell suspensions with different viabilities was prepared by mixing the dead and live cells. The measured viabilities of these cells were determined by either 0.4% TB or different concentrations of EB. For optimal cell counting, the instruments were recalibrated to the appropriate concentration of vital dye prior to each count.
Toxicity assay
HL-60 cells were washed twice with DPBS and resuspended in DPBS or RPMI-1640 without FBS. The initial viability of the HL-60 cell suspension was determined with the LUNA-II by either 0.4% TB or 0.2% EB. To compare the toxicity of TB and EB in DPBS or serum-free medium, HL-60 cells was mixed with an equal volume of 0.4% TB or 0.2% EB and incubated at room temperature. The cell number and viability were further determined over a period of time after vigorous vortexing to ensure the homogeneous suspension of cells. For live cell imaging, cells were resuspended in RPMI-1640 containing 20% glycerol to prevent rapid evaporation of liquid during live cell imaging. After mixing the cell suspension with an equal volume of 0.4% TB, live cell images were captured with the iRiS Digital Cell Imaging System (Logos Biosystems) equipped with a TC PlanAchro 4Â Ph objective lens.
Statistical analysis
For simple comparisons, a two-tailed Student's t-test was applied for statistical analysis. For multiple comparisons, one-way analysis of variance (ANOVA) was performed.
Results and discussion
We first examined whether EB staining can be applied to cell counting with automated cell counters. As a starting point, we used 0.1% EB dissolved in DPBS [19] . The accuracy of cell counting was determined with the LUNA automated cell counter by counting HL-60 cells with various viabilities (the theoretical viabilities are~0, 20, 40, 60, and 80%) after staining with EB. As a control, 0.4% TB was also used to measure the viabilities. As shown in Fig. 1A , EB and TB staining provided comparable results. To further verify linearity, different concentrations of EB were further tested. Increased concentrations of EB (0.1, 0.2, and 0.4%) produced results with a high correlation (R 2 > 0.999) to the theoretical viabilities (Fig. 1B) .
To extend the application of EB, we further tested 0.2% EB with different automated cell counters. HL-60 cells with different viabilities were stained with EB and counted with three different automated cell counters. As shown in Fig. 1C , there was no significant difference in the results from cell counters tested. EB staining successfully differentiated live cells from dead cells; only dead cells were stained with EB (Fig. 1C, right) . Vital staining by EB was also well detected by the LUNA-II autofocusing liquid lens. All of these data indicate that EB is a vital dye as effective as TB for cell counting with automated cell counters. The dynamic working range of EB was further tested by counting HL-60 with different concentrations. HL-60 cells were serially diluted with concentrations ranging from approximately~5 Â 10 4 tõ 1 Â 10 7 cells/ml. The range of cell concentrations was decided according to the recommended cell concentration range of the LUNA-II for TB staining. After staining with 0.2% EB, the cells were counted with the LUNA-II. Cell concentrations (either total or live cells) determined by EB staining well matched theoretical cell concentrations ( Fig. 2A ).
Cell counting with EB staining was also determined with distinct cell lines. Comparative cell counting with both TB and EB was performed for HeLa and 293 cells with the LUNA-II. As shown in Fig. 2B , there was no significant difference in cell size, viability, or cell concentration regardless of cell type or staining method. These data indicate that EB staining is comparable to TB staining in counting adherent and suspension cells with automated cell counters. Biosafety is one major concern in modern biomedical and bioindustry fields. As mentioned earlier, TB is a potential teratogenic agent [8e12]. In addition, it has been reported that TB has a toxic effect on cultured human cells [20, 21] . The toxic effect of TB is less potent on cells suspended in serum-containing medium than on cells suspended in DPBS [20] . However, the standard protocol suggests the use of cells suspended in a serum-free solution for TB staining because TB, but not EB, also stains serum proteins that may cause misleading results [4] . To compare the toxic effect of TB and EB, we performed a series of experiments. First, HL-60 cells were washed twice with DPBS to remove FBS and were resuspended in DPBS. The initial viability of HL-60 cells was determined by either 0.4% TB or 0.2% EB staining with the LUNA-II cell counter. The cells were mixed with an equal volume of either TB or EB and incubated at room temperature. The viability was determined over a period of time. As shown in Fig. 3A , the viability of HL-60 cells decreased when the cells were incubated with 0.4% TB within 10 min. In addition, the concentration of total cells was also reduced when the cells were incubated with TB. On the contrary, no significant change in cell viability or total cell concentration was observed when the cells were incubated with EB. Second, DPBS-washed HL-60 cells were resuspended in serum-free medium and mixed with an equal volume of the vital dyes. Again the viability of cells was determined over the time. The toxic effect of TB was delayed when the cells were suspended in serum-free medium. The toxic effect of TB was observed as early as 60 min after incubation with TB (Fig. 3B ). Both viability and the concentration of cells were markedly decreased after 120 min of TB incubation, whereas there was a marginal decrease of cell viability when the cells were incubated with EB for the same amount of time. To understand the decrease of total cell concentration, live cell imaging was conducted in the presence of TB. HL-60 cells, suspended in serum-free medium, were mixed with an equal volume of 0.4% TB and loaded into a disposable counting slide, and then live cell images were captured with a digital microscope. As shown in Fig. 3C , some viable cells became stained with TB within 100 s after imaging (red arrowheads). In addition, nonviable TB-stained cells eventually ruptured and disintegrated (red circles). The ruptured cells completely disintegrated to debris and resulted in a loss of total cell concentration after prolonged incubation with TB (data not shown). Taken together, our data indicate that EB is an alternative biosafe vital dye for automated cell counters without significant toxic effects on cultured cells.
Conclusions
In this study, we determined that EB is an alternative vital dye for counting mammalian cells with automated cell counters. The importance of cell counting (cell enumeration) has increased during recent years because the inaccuracy of cell counts may affect the potency and efficacy of cell therapy treatment, disease diagnosis, rate of growth of regenerated tissue in a biomaterial scaffold, and bioassays that are normalized by cellular activity [22] . As an alternative biosafe vital dye, EB is as accurate as TB in counting and measuring the viability of cells with automated cell counters. In addition, EB is less toxic than TB on cultured mammalian cells suspended in serum-free solutions. The European Union (EU) banned the use of TB in textiles and leather due to its potential hazardous effect on human skin [23] . Introducing EB for use with automated cell counters will significantly reduce the hazardous concern caused by TB.
